Introduction
Oxidative damage to proteins, lipids, or DNA is increased in human autopsy tissue and rodent models of a host of neurodegenerative conditions, including Alzheimer's disease, Parkinson's disease, Friedreich's ataxia, Huntington's disease (HD), multiple sclerosis, and stroke (for review, see Sagara et al., 1998; Atwood et al., 1999; Browne et al., 1999; Castagne et al., 1999; Estevez et al., 1999; Floyd, 1999; Mattson et al., 1999; Ratan, 1999, Albers and Beal, 2000) . Free radical damage to cell constituents in disease states may reflect a failure of endogenous compensatory mechanisms to oxidative stress. These compensatory mechanisms include enzymes involved in detoxifying reactive oxygen species (ROS) and repairing oxidative damage to DNA and protein. Therefore, further understanding of the nature and regulation of compensatory responses to oxidative stress may provide novel insights into the pathogenesis of as well as therapy for neurological diseases.
Adaptive responses to oxidative stress are most well defined in prokaryotic systems (Mongkolsuk and Helmann, 2002) . Bacteria respond to toxic levels of ROS by increasing the expression of antioxidant and repair genes. ROS-mediated changes in gene expression are coordinated by transcription factors. In prokaryotes, these transcription factors are directly and transiently modified by oxidants. For example, changes in the redox state of one transcription factor (OxyR) lead to enhanced interaction of this factor with the basal transcription machinery and increased expression of genes involved in detoxification (Zheng and Storz, 2000) . In contrast, oxidation of the transcription factor organic hydroperoxide resistance (OhR) results in the oxidation of a single cysteine residue (Cys-15) and loss of DNA binding. The loss of OhR DNA binding leads to the derepression of genes involved in detoxification (Fuangthong and Helmann, 2002) .
Although it has been established that eukaryotic cells, including neurons, also use transcription factors to respond to ROS and activate protective responses (Lezoualc'h and Behl, 1998; Post et al., 1998; Bijur et al., 1999; Scortegagna et al., 1999) , our understanding of the nature of these proteins and their modes of activation in neurons is limited. Primary cultures of cortical neurons provide a convenient in vitro preparation for examining transcription factors that are induced by oxidative stress (Murphy et al., 1989 (Murphy et al., , 1990 . Early in their development in culture, cortical neurons exposed continuously to glutamate succumb through a mechanism independent of ionotropic glutamate receptors. Degeneration occurs subsequent to the depletion of glutathione, an important antioxidant. Cell death attributable to glutathione depletion can be completely prevented by a host of classical antioxidants (Murphy et al., 1990 ) and has many features of apoptosis (Ratan et al., 1994b; Tan et al., 1998; Zaman et al., 1999) .
Herein, we use this in vitro model to examine the role of the Sp1 transcription factor family in oxidative stress-induced cell death in neurons. Sp1 is a member of an extended family of DNA-binding proteins that have three zinc finger motifs and bind to guanosine-and cytosine-rich DNA (Briggs et al., 1986; Lania et al., 1997; Suske, 1999; Yang et al., 2000) . This family includes members homologous to Sp1, such as Sp2-Sp4. Sp1 activities have been shown to change in response to apoptosisinducing stimuli. For example, the induction of apoptosis in B-cells after treatment with anti-IgM is associated with the caspase-dependent cleavage of Sp1 (Rickers et al., 1999) . Similarly, apoptotic retinoids induce the caspase-dependent cleavage of Sp1 in T-cells (Piedrafita and Pfahl, 1997) . Indeed, polyglutamine expansions in the huntingtin protein can induce neuronal toxicity, in part, by sequestering Sp1 and one of its coactivators, TATA binding protein-associated factor (TAF)II130, suggesting a role for Sp1 in neuronal survival (Dunah et al., 2002; Li et al., 2002) . Of note, Sp1 has been shown to regulate prosurvival proteins [e.g., the inhibitor of apoptosis (IAP) protein, survivin (Li and Altieri, 1999) , and manganese superoxide dismutase (Tanaka et al., 2000) ] as well as prodeath proteins [e.g., Fas ligand (Xiao et al., 1999; Chou et al., 2000) and 12-lipoxygenase (Liu et al., 1997) ]. Like other transcription factors, the role of Sp1 in regulating cell death may depend on a number of factors, such as the cell type and the death stimulus (Lin et al., 1998) . Herein, we demonstrate that oxidative stress significantly induces Sp1 and Sp3 protein levels and DNA binding in neurons in vitro and in vivo. Moreover, we demonstrate that the enforced expression of Sp1 or Sp3 is neuroprotective. These findings establish Sp1 and Sp3 as redox-regulated transcriptional activators that enhance survival in cortical neurons.
Materials and Methods
Primary neuronal culture. Cell cultures were obtained from the cerebral cortex of Sprague Dawley rats (day 17 of gestation) as described previously (Murphy et al., 1990) . All experiments were initiated 24 -72 hr after plating. Under these conditions, the cells are not susceptible to glutamate-mediated excitotoxicity. For cytotoxicity studies, cells were rinsed with warm PBS and then placed in Minimum Essential Medium (MEM; Invitrogen, Gaithersburg, MD) with 5.5 gm/l glucose, 10% FCS, 2 mM L-glutamine, and 100 M cystine, containing the glutamate analog homocysteate (HCA; 1 mM). HCA was diluted from 100-fold concentrated solutions that were adjusted to pH 7.5.
Sp1 and Sp3 expression in mouse model of HD. Male transgenic HD mice of the R6/2 strain were originally obtained from The Jackson Laboratory (Bar Harbor, ME). The male R6/2 mice and wild-type littermate control mice used in this study were from the Bedford Veterans Affairs facility and bred with females from their background strain (B6CBAFI/ J). 3-Nitropropionic acid (3-NP; Sigma, St. Louis, MO) was dissolved in PBS, pH adjusted to 7.4, and injected intraperitoneally nine times at 12 hr intervals, using 50 mg/kg per injection in wild-type control mice. The mice were killed 3-5 hr after the last 3-NP injection. Both R6/2 and 3-NP-treated mice were deeply anesthetized and transcardially perfused with buffered 4% paraformaldehyde (PFA) and processed for histopathologic evaluation. Glycerol-cryoprotected brains were frozensectioned at 50 m and immunostained with Sp1 and Sp3 antibodies (1:500 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) using a previously described conjugated second antibody method (Ferrante et al., 2002) .
Generation of recombinant herpes simplex virus vectors. Human Sp1, Sp3, and the Sp1 zinc finger DNA binding domain alone were each tagged with an N-terminal FLAG epitope and were individually subcloned into replication-defective herpes simplex virus (HSV) vectors (pHSVPrpUC) as described previously (Neve and Geller, 1999) . Cortical neurons (1 d in vitro) were infected with recombinant HSV 1 d after plating. Multiplicities of infection (MOIs) of 2 were used because this MOI resulted in the transduction of 20 -25% of neurons in the dish, with no cytotoxicity as measured by MTT reduction, phase contrast microscopy, or 4Ј,6Ј-diamidino-2-phenylindole (DAPI) staining. Neurons were infected in serum-free medium for 3-6 hr; the medium was removed; and standard, serum-containing culture medium was added. In parallel cultures, cells were treated in the presence and absence of the glutamate analog, and after 14 -18 hr, they were fixed with 4% PFA in preparation for immunocytochemistry, DAPI staining, and terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL).
Cell damage and death detection. Nuclear fragmentation was assessed by staining nuclear DNA using DAPI. Neuronal cells were washed with PBS. Cells were fixed in 4% PFA in PBS for 10 min at room temperature. Cells were washed with PBS and stained with DAPI for 15 min at room temperature. More than 300 cells per slide were scored for the incidence of nuclear fragmentation using a fluorescence microscope. Cells with two or more chromatin fragments or shrunken condensed nuclei were considered apoptotic.
In situ detection of nuclear DNA fragmentation by TUNEL. The specimens were rehydrated according to a standard protocol and incubated with proteinase K (Roche Diagnostics, Mannheim, Germany; 20 gm/ml) for 15 min at room temperature with intervening washes in PBS. The TUNEL reaction mixture was prepared by adding 5 l of terminal deoxynucleotidyl transferase to 45 l of a fluorescein-labeled nucleotide mixture per section. After it was washed with PBS, the TUNEL reaction mixture was applied to each section, covered with a coverslip, and incubated in a moist chamber for 60 min at 37°C. In control sections, the terminal deoxynucleotidyl transferase was omitted.
Population measurements of neuronal cell viability were measured using a nonradioactive CellTiter 96 assay kit (Promega, Madison, WI). Tetrazolium dye solution was added to cortical neurons 16 -24 hr after the treatment of various reagents. Cells were incubated at 37°C for 4 hr, and a solubilization/stop solution was added. Cell plates were allowed to stand overnight in a humidified atmosphere, and the absorbance was measured at 570 nm using a Molecular Devices (Menlo Park, CA) tunable 96-well plate reader.
Immunoblot analysis. Cell lysates were obtained by rinsing cortical neurons with cold PBS and adding 100 mM Tris buffer, pH 7.4, containing 1% Triton X-100, 150 mM NaCl, 1 mM sodium orthovanadate, 5 mM sodium fluoride, 3 mM PMSF, 3 mM DTT, 0.5 g/ml leupeptin, and 10 g/ml aprotinin. Thirty micrograms of protein from cell lysates were boiled in Laemmli buffer, and 5 mg of protein was electrophoresed under reducing conditions on 8% polyacrylamide gels. Proteins were then transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA). Nonspecific binding was inhibited by incubation in Tris-buffered saline (TBST; 50 mM Tris HCl, pH 8.0, 0.9% NaCl, and 0.1% Tween 20) containing 5% nonfat dried milk for 0.5 hr. Primary antibodies against Sp1 (PEP2), Sp2 (K-20), Sp3 (D-20), or Sp4 (V-20) (all from Santa Cruz Biotechnology) were diluted at 1:1000 in TBST with 1% milk and exposed to membranes overnight at 4°C. Immunoreactive proteins were detected according to the enhanced chemiluminescence protocol (Amersham Biosciences, Arlington Heights, IL).
Immunofluorescence staining. Indirect labeling methods were used to determine the levels of endogenous or heterologous Sp1-Sp3 and ␤-galactosidase in cortical neuronal cultures. Dissociated cells from the cerebral cortex (3-5 ϫ 10 5 ) were seeded onto poly-D-lysine-coated eight-well culture slides (Becton Dickinson Labware, Bedford, MA) and treated with HCA as described above for 4 -5 hr. The cells were washed with warm PBS and fixed at room temperature for 15 min with 4% PFA. After washing with PBS, fixed cells were incubated with blocking solution containing 0.3% Triton X-100, 5% BSA, and 3% goat serum for 1 hr, followed by incubation with rabbit Sp1 antibody (1:500 dilution), rabbit anti-Sp2 polyclonal antibody (1:500), or a rabbit anti-Sp3 polyclonal antibody (1:500 dilution). After three washes with PBS, the cells were incubated for 1 hr with FITC-conjugated goat-anti-rabbit IgG antibody (1:200 dilution) and DAPI. All antibodies were diluted in PBS. The slides were washed three times with PBS and mounted with fluorochrome mounting solution (Vector Laboratories, Burlingame, CA). Images were analyzed under a fluorescence microscope (model AX70TRF; Olympus Optical, Tokyo, Japan). Control experiments were performed in the absence of primary antibody.
Electrophoretic mobility shift assays and supershift analysis. We performed electrophoretic mobility shift assays (EMSAs) on nuclear extracts from cortical neurons using a 32 P-labeled oligonucleotide containing a wild-type (wt) or mutant Sp1 binding site (Santa Cruz Biotechnology). The sense strand sequences of the double-stranded wt and mutant oligonucleotides are 5Ј-ATTCGATCGGGGCGGGGCGAGC-3Ј and 5Ј-ATTCGATCGGTTCGGGGCGAGC-3Ј, respectively. Parallel EMSAs were performed using a radiolabeled Oct-1 (5Ј-TGTCGAATGCAAAT-GACTAGAA-3Ј; Santa Cruz Biotechnology) binding site. Embryonic cortical neurons were lightly trypsinized, pelleted, and resuspended in cold PBS. All subsequent steps were performed at 4°C as described previously (Lin et al., 1995 , Chatterjee et al., 2001 . To evaluate the effects of various agents on Sp1 and Sp3 DNA binding, we added deferoxamine mesylate (10 M), D-amino acid oxidase (1-5 mU from red yeast), and D-alanine (20 mM).
Promoter activity assay. Cortical neurons were plated onto 24-well culture plates (Nunc, Naperville, IL). The next day, a transfection mixture was prepared by adding 1.5 g of the reporter expression vector (pSp1-Luc and pmtSp1-Luc, firefly luciferase plasmid) into 150 l of DMEM with a combination of pRL cytomegalovirus or thymidine kinase vector (1 g, containing the Renilla luciferase gene) (Hsiao et al., 1997) . Twenty minutes after the addition of DMRIE-C reagent (6 l; Invitrogen), the transfection mixture was combined with 1.0 ml of fresh medium and placed onto the cells in 24-well plates. The cells were incubated for 24 hr, and then cells were infected with HSV-Flag-Sp1, HSV-Sp3, or HSV-Sp1-ZnF (zinc finger) with or without HCA. The next day, cells were washed with PBS and then lysed with luciferase assay buffer (Promega). The cell particulate was removed by microcentrifugation, and the protein concentration was measured using a protein assay kit (Bio-Rad). Twenty microliters of lysate were used for both the firefly and Renilla luciferase readings. Firefly and Renilla luciferase activities were measured using a dual-luciferase reporter assay system (Promega) and a TD-20/20 luminometer. Firefly luciferase values were standardized to Renilla values or total protein concentration.
Results

Oxidative stress induces Sp1 response element-binding activities in cortical neuronal cultures
To determine the effects of glutathione depletion-induced oxidative stress on Sp1 DNA binding in cortical neurons, we performed EMSAs on nuclear extracts from control cells or cells treated with the glutamate analog HCA, using a radiolabeled oligonucleotide containing a consensus Sp1 DNA-binding site. Five hours of HCA treatment, which leads to a 70% reduction in glutathione levels compared with control (Zaman et al., 1999) , significantly increased three DNA-binding activities in cortical neurons (Fig. 1 A; the three DNA-binding activities are designated a-c). The induction of these DNA-binding activities appeared to be related to glutathione depletion because they were also observed in the presence of buthionine sufloximine (100 M), an agent that depletes glutathione [to Ͻ10% of control levels (Ratan et al., 1994a) ] by inhibiting one of the enzymes involved in its synthesis rather than by inhibiting the uptake of its rate-limiting amino acid precursor (data not shown). All three DNA-binding activities were inhibited in a concentrationdependent manner by cold Sp1 oligonucleotide, and none was inhibited by an oligonucleotide containing mutations in the Sp1-binding site (data not shown). Enhanced DNA binding could be observed as early as 2 hr after HCA treatment (Fig. 1C) , a time when glutathione levels are 50% of levels in mock-treated cultures, permitting sufficient time for genes to be expressed before cell death commitment (ϳ12 hr after HCA treatment).
Identification of Sp1 and Sp3 in nuclear extracts of cortical neurons after treatment with the glutamate analog HCA To determine whether Sp1 was present in any of the HCAinduced DNA-protein complexes detected by EMSA, we used antibodies specific for the Sp1-Sp4 subunits. Sp2-Sp4 share extensive sequence homology with Sp1, and each of these Sp family members binds specifically to DNA. The addition of individual subunit-specific antibodies during in vitro DNA binding revealed that Sp1 is contained in the slowest migrating complex (Fig. 1 B) . This complex did not contain other Sp family members, including Sp2-Sp4.
In addition to an Sp1-containing complex, two fastermigrating complexes were also induced by HCA-induced glutathione depletion. These complexes were supershifted by a subunit-specific antibody to Sp3 and were unaffected by Sp1, Sp2, and Sp4 antibodies. Taken together, these results suggest that one Sp1-containing complex and two Sp3-containing complexes are induced by glutathione depletion in cortical neurons. The differences between nuclear Sp1 and Sp3 DNA activity in control and HCA-treated cortical neurons could not be attributed to global differences in nuclear proteins, because levels of Oct-1 DNA binding were similar using 0.5 g of these two extracts (Fig. 1 D) . Enhanced DNA-binding activity of Sp1 and Sp3 in response to oxidative stress results, in part, from increased levels of Sp1 and Sp3 protein Previous studies have established that DNA binding of Sp family members to their cognate sequence can be enhanced by increasing levels of Sp1 protein (Mortensen et al., 1997) or posttranscriptional modifications of the protein such as phosphorylation (Rohlff et al., 1997) or dephosphorylation (Leggett et al., 1995) . To determine whether HCAinduced oxidative stress induces changes in Sp1 and Sp3 levels, we performed immunoblot analysis. We found that HCA leads to increases in both Sp1 and Sp3 protein levels (Fig. 1 E) . Five millimolar HCA leads to more rapid cystine deprivation and glutathione depletion after 5 hr than 1 mM HCA (Ratan et al., 1994a) . As expected from these observations, treatment of cortical neurons with 5 mM HCA for 5 hr induced greater levels of Sp1 (Fig.  1 E) and Sp3 (Fig. 1 F) proteins than did 1 mM HCA. A rabbit polyclonal Sp1 antibody detected a dominant band at 95 kDa and a minor band at 105 kDa. This slowermigrating band at 105 kDa likely reflects phosphorylation of the 95 kDa Sp1 polypeptide, because the 95 kDa band completely disappeared in the presence of the phosphatase inhibitor, calyculin A (Ryu et al.) (our unpublished observations). A rabbit polyclonal Sp3 antibody detected a dominant 115 kDa band corresponding to Sp3 previously identified by both immunochemical and molecular genetic techniques (Kennett et al., 1997) . A minor, faster-migrating band was observed at 78 -80 kDa, a species of Sp3 that has been shown to result from internal translational initiation within Sp3 mRNA (Kennett et al., 1997) . The increases in Sp1 and Sp3 proteins were seen as early as 1 hr after HCA treatment, were maximum at 5 hr (Fig. 1G) , and could be observed to be returning to baseline levels by 8 hr after HCA treatment (results not shown).
Glutathione depletion-induced oxidative stress induces Sp1 and Sp3 levels in the nucleus of cortical neurons To verify that Sp1 and Sp3 proteins can be induced in the nuclei of neurons by HCA-induced glutathione depletion, we performed immunocytochemical staining with antibodies to Sp1 (Fig. 2a,d ), Sp2 (Fig. 2g,j) , and Sp3 (Fig. 2m,p) , using in all cases an FITC-labeled secondary antibody that fluoresces green. In parallel, the same cultures were treated with the nuclear stain DAPI, which fluoresces blue (Molecular Probes, Eugene, OR) (Fig. 2b,e,h,i,n,o) . When the Sp1, Sp2, and Sp3 antibody fluorescence images were superimposed on the DAPI fluorescence images, most cells that were induced to undergo oxidative stress by treatment with HCA and stained with an Sp1 or Sp3 antibody were found to have blue-green nuclei, indicative of an enhanced protein level in the nucleus (Fig. 2f,r) . Moreover, staining with the Sp2 antibody revealed that levels of this protein were not altered in the cytoplasm or nucleus by HCA-induced glutathione depletion and oxidative stress (Fig. 2g-l ) . Cells that stained positively for Sp1 and Sp3 were determined to be neuronal by parallel immunostaining with a neurofilament antibody (data not shown) as previously described (Zaman et al., 1999) . Sp3 (m, p) , and the nuclear stain DAPI (b, e, h, k, n, q) in mock-treated (a, g, m, b, h, n) or HCA-treated (d, j, e, k, q) mixed cortical neuronal cultures. Cells were plated on eight-well chamber slides for 24 hr and treated with HCA (3 mM) for 3 hr. Cells were then fixed with 4% PFA for 15 min, and immunofluorescence staining was performed as described in Materials and Methods. Scale bar, 20 m.
Antioxidants that prevent glutathione depletion-induced apoptotic death also prevent glutathione depletion-induced Sp1 and Sp3 DNA binding Oxidative stress is defined as an imbalance between oxidants and antioxidants in favor of oxidants (Sies, 1997; for review, see Ratan, 1999) . Thus, if oxidative stress is responsible for the HCAinduced Sp1 and Sp3 DNA binding, then antioxidants that correct the imbalance should diminish or suppress the induction. To address this question, we chose the iron chelator deferoxamine (DFO; 100 M) and the non-iron-chelating lipid peroxidation inhibitor butylated hydroxyanisole (BHA; 10 M). We have demonstrated previously that these antioxidants completely abrogate HCA-induced apoptosis in cortical neurons (Ratan et al.,1994b , Zaman et al., 1999 . In gel-shift assays, we found that DFO (Fig.  3A) and BHA (Fig. 3B) suppress HCA-induced Sp1 and Sp3 DNA binding. These results suggest that HCA-induced oxidative stress mediates enhanced DNA binding of Sp1 and Sp3 in cortical neurons. We demonstrated previously that DFO enhances the DNA binding of hypoxia-inducible factor-1 and activating transcription factor-1/cAMP response element-binding protein to the hypoxia response element (Zaman et al., 1999) , suggesting that its inhibition of Sp1 and Sp3 activation does not reflect nonspecific inhibition of the DNA binding of all transcription factors.
To determine whether the addition of the ROS hydrogen peroxide to cortical neurons is also capable of inducing Sp1 and Sp3 DNA binding, we added increasing concentrations of the enzyme D-amino acid oxidase (DAAO; 1-5 mU) and its substrate D-alanine (D-ala; 20 mM) to the bathing medium of embryonic rat cortical neurons. DAAO catalyzes the stereoselective oxidative deamination of D-amino acids to form hydrogen peroxide via the following reaction: D-amino acid ϩ H 2 O ϩ O 2 3 ␣-keto acid ϩ NH 3 ϩ H 2 O 2 (Stegman et al., 1998) . As expected, we found that hydrogen peroxide generated from DAAO induces three complexes in cortical neurons in a concentration-dependent manner (Fig. 3C ). Supershift analysis confirmed that, like glutathione depletion, the slowest migrating complex contains Sp1, and the two faster-migrating complexes contain Sp3 (data not shown). In addition, D-ala/DAAO-induced Sp1 and Sp3 DNA binding could be completely suppressed by the coapplication of the peroxidescavenging enzyme catalase (100 U/ml; Fig.  3D ) or the nonenzymic peroxide scavenger pyruvate (2 mM; data not shown). These results establish that Sp1 and Sp3 are oxidative stress-inducible transcription factors in vitro. To determine whether Sp1 and Sp3 protein levels can be similarly induced in vivo in rodent models in which neuronal loss has been attributed, in part, to oxidative stress, we examined Sp1 and Sp3 immunoreactivity in a transgenic mouse model or a chemical mouse model of HD (Fig. 4) . The R6/2 line is a transgenic mouse line expressing exon 1 of the human HD gene with an expanded CAG repeat (Mangiarini et al., 1996) . The mice develop loss of brain and body weight beginning at 6 weeks of age, and at 9 -11 weeks, they develop a gait and movement disorder as well as epilepsy. These clinical features, along with striatal atrophy and neuronal intranuclear inclusions, are similar to HD in humans. At 12 weeks of age, Sp1 and Sp3 levels in the brains of R6/2 mice were found to be significantly increased compared with their littermate controls, as monitored by immunohistochemistry (Fig. 4 A-F ) or Western blot analysis (Fig. 4G ). Sp1 and Sp3 were similarly induced in cells in the region adjacent to neuronal loss in response to the 3-NP. 3-NP is a mitochondrial toxin that produces striatal lesions that mimic HD and that are mediated by excitotoxicity-induced oxidative stress mechanisms (Beal et al., 1993; Kim and Chan, 2002) . Taken together, these results are consistent with the notion that Sp1 and Sp3 are induced by stimuli that lead to oxidative stress in vivo.
Forced high-level expression of full-length Sp1 or full-length Sp3, but not its zinc finger DNA-binding domain alone, prevents cortical neuronal death attributable to oxidative stress or DNA damage To determine whether the overexpression of Sp1 is sufficient to abrogate glutathione depletion-induced death in cortical neurons, we generated replication-deficient HSV-1-based vectors that carry the wild-type Sp1 gene (HSV-Sp1-wt) or a truncated form of Sp1 containing the DNA-binding domain alone (HSVSp1-ZnF). Sp1-ZnF can bind DNA but does not possess regions of the Sp1 molecule required for activation of transcription (Chapman and Perkins, 2000) . As an additional control, we inserted the ␤-galactosidase (LacZ) gene into the HSV vector (HSV-LacZ). Infection of cortical neurons with HSV-Sp1-wt (Fig. 5A) but not HSV-Sp1-ZnF (Fig. 5A ) or HSV-LacZ (Fig. 5D) , resulted in the robust, MOI-dependent expression of heterologous Sp1 in cortical neurons as monitored by an anti-Sp1 antibody (Fig.  5A,D) or by an anti-Flag antibody (Fig. 5D ) 6-12 hr after infection. An MOI of 2 was used for the HSV viability experiments, because this MOI resulted in infection of ϳ15-25% of the neurons in the dish (Fig. 5C ) with no toxicity up to 48 hr after infection. The overexpression of Sp1 by HSV led to a threefold induction of Sp1-dependent luciferase activity compared with HSV-LacZ.
To determine the effect of enhancing Sp1 activity using the HSV vector on oxidative stress-induced death in cortical neurons, we monitored the viability of cells infected with HSV-LacZ, HSV-Sp1-wt, and HSV-Sp1-ZnF 17-24 hr after infection. LacZ is expressed diffusely in the cytoplasm (Fig. 6 A) and the neurites of neurons, whereas the Sp1-wt and the Sp1-ZnF are found primarily in the nuclear compartment (Fig. 6 A) . Under control, nonoxidative stress conditions, the nuclei of cells infected with HSVLacZ, HSV-Sp1-wt, or HSV-Sp1-ZnF and stained with the nuclear probe DAPI appeared oval in shape and homogeneously stained with moderate intensity. These apparently normal nuclei were present in neurons with smooth cell bodies and ramified neurites, as determined by Nomarski differential interference contrast microscopy. Parallel cultures were infected with HSV-LacZ, HSV-Sp1-wt, or HSV-Sp1-dominant negative (dn), exposed to the glutamate analog HCA for 16 -18 hr, and stained with DAPI or visualized by Nomarski optics. Cells infected with HSV-Sp1-ZnF or HSV-LacZ and exposed to HCA showed massive changes in chromatin structure (condensation), indicated by greatly enhanced DAPI fluorescence. These changes in chromatin structure are consistent with the apoptotic cell death observed previously in cortical neurons exposed to glutathione depletion (Ratan et al., 1994b) . By contrast, cells infected with HSV-Sp1-wt that were exposed to oxidative stress generally retained the oval, moderately intense staining of normal nuclei. Two independent observers who were blinded to the treatment group quantitated the number of LacZ-, Sp1-wt-, and Sp1-ZnF-expressing cells that possessed normal nuclear morphology under conditions of oxidative stress and confirmed that cells expressing the heterologous Sp1-wt were significantly more resistant to glutathione depletion-induced death than cells expressing heterologous LacZ or Sp1-ZnF (Fig. 6B) . In addition, TUNEL (a marker of DNA damage resulting from HCA-induced oxidative stress) was performed along with immunfluorescence for Sp1, LacZ, or Sp1-ZnF (Fig. 6C) . These experiments showed that after 18 hr of HCA (1 mM) treatment, only LacZ-or Sp1-ZnF-expressing neurons were TUNEL-positive, whereas cells expressing Sp1 were not (Fig. 6C) .
To determine whether the overexpression of Sp1 using herpes vectors can inhibit death induced by apoptotic stimuli distinct from glutathione depletion, we examined the effects of HSV-Sp1-wt infection of cortical neurons on apoptosis induced by the DNAdamaging agent camptothecin. Camptothecin is a cytotoxic plant alkaloid that induces cell injury by inhibiting the activity of DNA topoisomerase I, which leads to double-stranded DNA damage (Ng et al., 2001) . Previous studies have established that, like glutathione depletion, cortical neuronal death induced by camptothecin has characteristic morphological features of apoptosis. Unlike the case with glutathione depletion-induced apoptosis, camptothecininduced apoptosis is not associated with increased hydrogen peroxide production and is not blocked by the antioxidant N-acetylcysteine. Cell viability, as measured by MTT reduction, revealed that cortical neurons infected with HSV-Sp1-wt, but not HSV-LacZ or HSV-Sp1-dn, were more resistant to camptothecin-induced death over a range of camptothecin concentrations (Fig. 7A) . In parallel cultures, TUNEL [a marker of DNA doublestrand breaks resulting from camptothecin-induced topoisomerase inhibition (Morris and Geller, 1996) ] was performed along with immunfluorescence for Sp1, LacZ, or Sp1-ZnF (Fig. 7B) . These studies revealed that after 18 hr of camptothecin treatment, only LacZ-or Sp1-ZnF-expressing neurons were TUNEL-positive, whereas cells expressing Sp1 or Sp3 were not. Taken together, these studies suggest that the overexpression of Sp1 or Sp3 can abrogate neuronal damage and death attributable to oxidative stress or other established apoptosis inducers, including the topoisomerase inhibitor camptothecin (Fig. 7) .
Discussion
Sp1 and Sp3 are redox-regulated transcription factors in neurons
There is abundant evidence linking oxidative stress to the initiation or propagation of neuronal loss in neurological disease Beal, 2000) . This evidence has stimulated a search for transcriptional regulators that are induced by oxidative stress in neurons whose net effect is to prevent neuronal death (Ratan, 1999) . Herein, we demonstrate that basal Sp1 DNA-binding activities are unexpectedly low in embryonic cortical neurons and are dramatically induced by agents that induce oxidative stress in these cells (Figs. 1, 2, 4 A) . Second, we used gel-shift assays to show that one of the Sp1 DNA-binding complexes induced by oxidative stress in cortical neurons contains Sp1, and two slower-migrating complexes containin Sp3 (Fig. 1 B) . Furthermore, we used immunoblot analysis (Fig. 1 E-G) and immunocytochemistry (Fig. 1 H) to demonstrate that protein levels of these transcription factors are increased in the nuclei of oxidatively stressed cortical neurons and that antioxidants shown previously to inhibit oxidative stress-induced death in cortical neurons also abrogate glutathione depletion-induced Sp1 and Sp3 DNA binding (Fig. 2 A,B) . Finally, we demonstrate that oxidative stress can enhance the activity of an Sp1-dependent reporter gene (data not shown). These results establish Sp1 and Sp3 as redox-regulated transcription factors in embryonic cortical neurons and add these factors to a small list of transcriptional activators and repressors (e.g., nuclear factor B, activator protein-1, and heat shock transcription factor-1) known to be induced by oxidative stress in neurons (Lezoualc'h and Behl, 1998; Post et al., 1998; Bijur et al., 1999; Scortegagna et al., 1999) .
Sp1 and Sp3 activation appear to be temporally related to the onset of oxidative stress in cortical neurons and not a late event that is a consequence of oxidative stress-induced cell death. Activation of Sp1 and Sp3 DNA binding occurs within the first 2 hr of glutamate or HCA exposure and is maximal by 5 hr. The kinetics of Sp1 and Sp3 activation demonstrate that induction of these factors is an "early" response to cell stress, and their activation is initiated 8 -10 hr before the point at which neurons become irreversibly "committed" to the cell death pathway (Ratan et al., 1994b; Zaman et al., 1999; Chatterjee et al., 2001) . The close temporal relationship between oxidative stress and Sp1 and Sp3 activation is also supported by the observation that structurally diverse antioxidants known to ameliorate oxidative stress and inhibit oxidative glutamate toxicity can block the activation of Sp1 and Sp3 by glutathione depletion, despite having no effect on glutathione depletion per se (Ratan et al., 1994a; Zaman et al., 1999) .
Although classically thought to regulate the constitutive expression of numerous housekeeping genes, Sp1 transcriptional activities have been found to change in association with differentiation (Leggett et al., 1995; Yan and Ziff, 1997; Krainc et al., 1998) and proliferation (Black et al., 1999) and to regulate gene expression in association with these as well as other cellular functions. In agreement with the data presented herein, one of these studies demonstrated nearly absent basal DNA binding of Sp1 and Sp3 in organs such as brain and muscle, in which most cells are postmitotic (Leggett et al., 1995) . Two-dimensional electrophoresis revealed that the decreased DNA binding of Sp1 and Sp3 in postmitotic tissues is associated with the phosphorylation of Sp1 and Sp3. Accordingly, in vitro treatment of nuclear extracts from adult brain with a phosphatase abolished Sp1 and Sp3 phosphorylation and increased the affinity of these factors for a canonical Sp1 DNA-binding site by 10-fold. These results are consistent with a model in which the post-translational modification of Sp1 by activation of a phosphatase (dephosphorylation) or inhibition of a histone deacetylase (acetylation) (Ryu et al., 2003) could account for the dramatic increase in DNA binding we observe in response to oxidative stress. Our ability to observe oxidative stress-induced changes in Sp1 and Sp3 DNA binding is likely also enhanced, because we have been careful to verify that the concentration of the nuclear extract we use is in the dynamic range of DNA binding for Sp1 and Sp3 (Fig. 1A ).
Sp1 and Sp3 can act as antideath transcription factors
The data herein support the conclusion that Sp1 and Sp3 are sufficient components of the protective, homeostatic response to oxidative stress (Fig. 6 ) and one potential consequence of oxidative stress, DNA damage (Fig. 7) , in neurons. Indeed, recent studies suggest that Sp1 motifs are responsible for the regulation of the IAP protein survivin (Li and Altieri, 1999) . Members of the IAP protein family have been shown to suppress apoptosis induced by oxidative stress by directly suppressing the activity of terminal caspase-3 and caspase-7 (Tamm et al., 1998; Suzuki et al., 2000) . Interestingly, survivin is expressed not only in common human cancers but also in some types of embryonic neurons (Adida et al., 1998) , suggesting that this protein is poised to act as an inhibitor of apoptosis in the cortical neurons used in the present study. Bcl-2 and Bcl-x, two other general inhibitors of apoptosis, also have essential Sp1 sites in their promoters (Grillot et al., 1997; Dong et al., 1999) , and p53 has been shown to repress the expression of the antiapoptotic factor telomerase by binding to cognate Sp1 motifs in the telomerase promoter (Kanaya et al., 2000) . Finally, Sp1 is cleaved by caspases in IgM-induced apoptosis in B cells (Rickers et al., 1999) and in retinoid-induced apoptosis in T-cells (Piedrafita and Pfahl, 1997) . Taken together, these observations support an antiapoptotic role for Sp1.
Inhibition of Sp1 activation in polyglutamine disorders such as HD may account for increased vulnerability to oxidative stress The data herein are consistent with a model in which Sp1 is a part of a compensatory genetic program to oxidative stress in neurons. A prediction of this model is that neurons with acquired or inherited defects in Sp1 signaling will be more vulnerable to oxidants. Indeed, autopsy tissue from HD patients shows prominent defects in Sp1 DNA binding (despite increased Sp1 levels; Dunah et al., 2002) (Fig. 3) and increased markers of oxidative damage (Browne et al., 1999) . Furthermore, toxicity of cultured neurons induced by the forced expression of mutant huntingtin with pathological numbers of polyglutamine repeats can be abrogated by the coexpression of Sp1 and its coactivator TAFII130 (Dunah et al., 2002; Li et al., 2002) or by the exogenous addition of small-molecule antioxidants (Wyttenbach et al., 2002) . Future studies will define the precise order of oxidative stress and disrupted Sp1 signaling in HD. Nevertheless, these findings suggest that small-molecule activators of Sp1-dependent gene expression may be propitious therapeutic targets for a host of neurodegenerative conditions, including HD, Parkinson's disease, amyotrophic lateral sclerosis, and stroke, which in some cases have been associated with expanded polyglutamine repeats and in all cases have been associated with oxidative stress.
